Purpose. From May 2015 to March 2016, an outbreak due to Listeria monocytogenes serotype 1/2a and clinical pulsotype never previously isolated in Europe occurred in central Italy, involving 24 confirmed clinical cases. The article provides a description of the outbreak and the investigation carried out by a multidisciplinary network.
INTRODUCTION
Listeriosis is considered primarily a foodborne disease, caused by Listeria monocytogenes (L. monocytogenes). In immunocompromised subjects, including the elderly [1] , L. monocytogenes can cause invasive infection. In pregnant women, listeriosis can induce stillbirth, miscarriage or serious health problems for the newborn (e.g. sepsis, meningitis, congenital listeriosis) [2] . The incubation period varies from 3 to 70 days depending on several factors (i.e. variability in both the host immune response and bacterial strain pathogenicity, load intake). The case fatality rate ranges from 15 to 30 % [3] . L. monocytogenes is ubiquitous and widely distributed in vegetables, raw meat and milk, and mostly in ready-to-eat food (RTE) [4] . It is able to multiply in food in cold storage [3] . Biofilm formation and resistance to disinfectants are phenotypic factors attributed to the survival and persistence of L. monocytogenes in food-processing environments where it can contaminate food [5] . L. monocytogenes can survive and even replicate at low pH, low temperature and high salt concentration, measures normally used to control food contamination [6] .
The reported incidence of Listeria infections in industrialized countries has increased dramatically since the 1980s. In the European Union (EU), an increasing trend between 2008 and 2015 was observed. In 2015, 2206 confirmed human cases of listeriosis were reported (notification rate 0.46 per 100 000) [3] . In Italy, a passive surveillance coordinated by the Ministry of Health (MoH) within the framework of the National Surveillance System has been mandatory since 1993, based on case notifications by physicians. The data indicate 153 confirmed cases in humans in 2015, 132 in 2014 and 143 in 2013 [7] . An increase in the occurrence of listeriosis was observed in the Marche region between January and May 2015, with eight reported cases compared to two and four cases in 2014 and 2015, respectively. Characterization of the strains by pulsed-field gel electrophoresis (PFGE)-based surveillance allowed the identification of a new pattern for L. monocytogenes serotype 1/ 2a, which was never previously isolated in the EU.
We describe here the results of epidemiological, microbiological and tracing investigations enabling outbreak definition and control, with identification of the main source of infection.
METHODS

Case definitions and ascertainment
We adopted the following case definitions: probable outbreak cases were patients in the Marche region showing clinical symptoms compatible with listeriosis and disease onset from January 2015, and isolation of L. monocytogenes serotype 1/2a from normal sterile body fluids. Confirmed outbreak cases were patients matching the above-mentioned criteria and with a L. monocytogenes isolate of pulsotype ApaI.0246 AscI.0356 as defined by the European Centre for Disease Prevention and Control (ECDC).
L. monocytogenes clinical strains isolated by local reference laboratories (district laboratories, hospital laboratories and Istituti Zooprofilattici Sperimentali laboratories) were sent to the ECDC Operational Contact Point (ECDC-OCP) for L. monocytogenes at the National Institute of Health (ISS) for confirmation, further typing and characterization. Data on pheno-genotypic characteristics were shared in the molecular database of The European Surveillance System (TESSy).
L. monocytogenes strains of non-human origin were sent to the National Reference Laboratory for L. monocytogenes at the Istituto Zooprofilattico Sperimentale Abruzzo e Molise (NRL L.m. IZSAM), which recorded results in the national database.
Active case identification was carried out in the Marche region by alerting general practitioners, paediatricians and clinical laboratories.
Human, food and environmental sample collection and characterization of L. monocytogenes strains Clinical strains were isolated by laboratories using their own routine methods.
Food samples were analysed using ISO 11290-1 : 1996/ Adm1 : 2004 [8] or alternative validated analytical methods providing equivalent results, such as VIDAS L. monocytogenes II assay (LMO2, bioM erieux, Durham, NC) certified by Association Française de Normalisation, La Plaine Saint Denis, France (AFNOR); or using in-house real-time PCR (RT-PCR) methods validated according to the protocol set out in ISO 16140-2 : 2016. Briefly, 25 g of each food sample was homogenized in 225 ml of Half Fraser Broth (HFB). Samples were collected from at least five different sites representative of the core and surface (including casings), while surface slices and skin portions were sampled for the analysis of seasoned savoury foods such as cured bacon or seasoned loin.
Positive samples according to the screening tests (VIDAS or validated RT-PCR) were confirmed by the reference method.
Environmental samples were collected aseptically from food contact (FCS) and non-food contact surfaces (NFCS) according to ISO 18593 : 2004 [9] and guidelines of EURL Lm [10] . Sampling was performed using sterile sponges (Whirl-Pak Speci-Sponge Bags) pre-hydrated with DeyEngley neutralizing buffer. The primary enrichment phase was performed by the addition of sponges impregnated with 90 ml of HFB, followed by manual mixing. After 24-48 h incubation at 30 C, primary enrichment was subjected to further analysis in accordance with the protocol used by the various laboratories as reported for food samples [8] .
To characterize L. monocytogenes isolates using serological and molecular methods, up to 10 colonies randomly selected from each positive food and environmental sample were sub-cultured to obtain pure cultures. PFGE profiles of isolates were sent to NRL L.m. through the Italian epidemiological surveillance of foodborne pathogens system (SEAP) web-based platform, then serotyped using a multiplex inhouse PCR assay classifying the four major serovars (1/2a, 1/ 2b, 1/2c and 4b) into distinct molecular groups [11, 12] . Listeria SEIKEM antisera were used to confirm the serotype within serogroups according to the US/FDA Bacteriological Analytical Manual [13] . The strains were also submitted for molecular characterization by PFGE and NGS at NRL L.m. Serotyping and PFGE of clinical strains were performed as described in Acciari et al. [14] . Results were analysed using Bionumerics (Applied Maths, Belgium) software version 6.6 up to 8 October 2015, and thereafter using version 7.5.
Five different IIZZSS laboratories, under the supervision of NRL L.m., performed food and environmental sample analyses.
Real-time PCR outbreak inclusion assay
Based on NGS data an in-house Duplex RT-PCR, using specific genomic islands of the outbreak strain, was created to screen all isolates from December 2015. All isolates belonging to 1/2a serotype and positive by Duplex RT-PCR were then subjected to PFGE and NGS.
Next-generation sequencing (NGS)
Genomic DNA from clinical, environmental and foodrelated strains belonging to the outbreak pulsotype was sequenced using an Illumina Next500 platform at a theoretical coverage higher than 100Â. Raw data were trimmed, assembled and annotated using an in-house pipeline tailored to Listeria genome architecture. Annotation data were used to build both core and pan-genome matrices. Draft genomes were included in the study if the assemblies satisfied the following criteria: number of contigs <50, N50 >100 000, horizontal coverage (when compared to the reference L. monocytogenes 1/2a NC003210) >99 % and at least three rRNA operons annotated. Genetic relationships among isolates were analysed by a single nucleotide polymorphism (SNP) matrix as deduced by whole-genome assembling obtained by a k-mer-based approach, since preliminary results using mapping and gene-by-gene approaches did not exhibit satisfactory discriminatory power among strains having the same pulsotype. The threshold for outbreak inclusion was set at 60 different SNPs. Genetic distances were deduced by a neighbour-joining method.
Epidemiological investigation
Following patient consent, the LHA arranged interviews with all cases using a standard epidemiological questionnaire until December 2015. After the identification of a pork-meat product possibly linked to the outbreak, a trawling questionnaire focusing on this type of food was administered to all patients.
Cases were described according to demographics (area of residence, age, gender), date of onset of symptoms, clinical illness (type of symptoms, hospitalization, duration of illness) and food consumption over a 30-day period before disease onset. A comprehensive epidemiological database (Microsoft Access), including all the available demographic, clinical, microbiological and food consumption-related information, was realized. To identify the potential association between food consumption and infection by the L. monocytogenes outbreak strain, we conducted a retrospective case-by-case analytical study comparing food items consumed by confirmed outbreak cases to those consumed by patients with L. monocytogenes infection due to a nonoutbreak strain. Data were analysed using unconditional logistic regression. We assessed food exposures and calculated odds ratios and two-tailed P-values for each food item using exact conditional logistic regression (Stata Statistical Software: Release 12; College Station, TX: StataCorp LP).
Microbiological investigation of food and foodprocessing plants
The LHA, in collaboration with NRL L.m. and IZS Umbria e Marche (IZSUM), performed food and environmental sampling at the homes of cases and at the premises of those retailers where outbreak cases had purchased food. Food and environmental samples considered at risk for L. monocytogenes contamination were collected. The producer (plant A) of food found to be contaminated by the outbreak strain, and its suppliers and customers, were also inspected by LHA, which collected food and environmental samples (FCS and NFCS, respectively). Their staff were interviewed regarding processing practices and sources of raw materials. Furthermore, to identify additional sources of the L. monocytogenes outbreak strain, the Regional Competent Authority planned a specific integrative environmental sampling of RTE food-processing plants and retail shops in the Marche region.
The tracing exercise: investigation of food production chains The origin and destination of the implicated foodstuffs and their ingredients were investigated by tracing back and forward their suppliers and customers, with the aim of identifying whether retailers named by the cases had received food products from common suppliers and/or matched those that had received, either directly or indirectly, food products processed by the contaminated food production plants.
Information by tracing-forward activities was also used to test whether a difference in the incidence rate (IR) of cases infected by the L. monocytogenes outbreak strain existed between municipalities with retailers selling foodstuffs supplied by the implicated plant and those where such foodstuffs were unavailable, by calculating the incidence rate ratio (IRR) and the associated P-value. An IRR >1 indicated a higher incidence of listeriosis involving the outbreak strain in those municipalities where foodstuffs from contaminated plants were distributed. As denominator for the IR, we used population data from the Italian National Institute for Statistics (ISTAT, www.demo.istat.it).
International enquiries
To determine whether the outbreak strain had been identified from clinical or food samples in other countries, its PFGE pattern was communicated and compared to those L. monocytogenes molecular profiles collected by databases in the EU (EU Reference Laboratory -EURL for L.m., Anses, Member States National Databases), Canada and the United States and by the ECDC database. An urgent inquiry was posted on EPIS-FWD [15] .
RESULTS
Outbreak description
One of the latter was a pre-term infant. All 24 outbreak cases were hospitalized, 12 reported meningitis, 14 sepsis and 9 gastroenteritis; 4 died with listeriosis assessed as the cause of death. Fig. 1 shows the temporal distribution of probable and confirmed outbreak cases reported in the Marche region by symptoms onset. Outbreak cases were reported continuously by month from 21 May 2015 to 11 March 2016. The epicurve showed two peaks (23th week in 2015 and 3rd week in 2016).
The median age of all cases (35) was 75 years (interquartile range (IQR): 65-82; range: 0-90 years), and 54 % were female. Confirmed outbreak cases were slightly younger (median age: 73 years; IQR: 65-82; range: 0-88) than probable cases (median age: 77 years; IQR: 56-82; range: 45-90). The proportion of females was higher among confirmed cases than among probable cases (63 % vs 36 %). However, differences between confirmed and probable cases in regard to age and gender were not statistically significant.
Molecular characterization of isolates
Thirty-five L. monocytogenes clinical strains, 2212 food and environmental strains and 6 strains from The Dutch National Institute for Public Health and the Environment (RIVM) were characterized. Of these, 866 strains were successfully sequenced obtaining a draft genome. The availability of the reference genome highlighted the presence of an integrated prophage in the outbreak strain. Moreover, the sequence gaps were manually closed to generate two reference sequences representative of the outbreak pulsotype. The genome was submitted to The National Center for Biotechnology Information (NCBI) database (NZ_CP014790), together with the sequence of a plasmid identified in all clinical samples (NZ_CP015985) belonging to the outbreak pulsotype. Fig. 2 shows a pulsotype and Fig. 3 reports the tree based on the SNP matrix. The number of core SNPs at the node is added for significant nodes.
Epidemiological investigation
Until December 2015, based on data gathered by the questionnaires, LHA inspected food retailers, plants and patients' private homes, and 196 samples of food and environmental swabs were analysed. In no case was the outbreak strain isolated. Microbiological data from the annual foodmonitoring plan in the Marche region pointed to meat products as the foodstuff most suspected, while analysis of the epidemiological questionnaires did not suggest a common source of infection. Based on the double peak-shaped epicurve and limited geographical distribution of cases, the Regional Authority focused its investigations on food characterized by regional distribution and long shelf-life and/or produced in a plant persistently contaminated by L. monocytogenes.
On 4 January 2016, a sample of hog head cheese (a typical seasoned pork-derived meat jelly product) obtained from one of the retailers indicated in the epidemiological questionnaires tested positive for L. monocytogenes serotype 1/2a with 100 % genetic similarity by PFGE to the outbreak pulsotype.
A local manufacturing plant (plant A) in the Marche region, which also manufactured other types of dry-cured pork meat specialities, had produced the contaminated meat product. Raw meat used to manufacture this product was Sixty-six batches of products, 11 batches of ingredients and 62 environmental samples were collected from plant A and tested for L. monocytogenes (1991 samples). Fourteen The evolutionary history was inferred using the neighbour-joining method. The tree was built using a coreSNPs matrix deduced by a k-mer approach using kSNP3 software. There were 34 643 positions in the final dataset. The percentage of replicates trees in which the associated strains clustered together in the bootstrap test (100 replicates) are shown next to the branches.
batches of hog head cheese and 9 batches of other meat products (cured bacon, seasoned loin and salami) tested positive for the outbreak strain (Table 1) . A total of 110 batches of products and 218 environmental samples were collected (718 samples) from plants B, C and D. One batch of soft salami and one environmental sample tested positive for the outbreak strain. Environmental samples from plants E, F and G tested negative for L. monocytogenes (Table 1) .
To complete the tracing back of the source of contamination, 131 samples from the environment, food and FCS were also collected from six plants that had supplied ingredients (other than meat) and natural or artificial casings to plant A. Moreover, 138 environmental samples were collected from two pig farms supplying raw meat to plant A. All these samples tested negative for L. monocytogenes.
An ad hoc sampling plan was performed at 41 food-processing plants and 45 retail shops, including factories that received directly or through re-sellers the products processed in plant A, with 1217 environmental samples collected. One sample obtained from NCFS in one plant that repackaged the products of plant A tested positive for the outbreak strain. Three NCFS samples obtained from two retailers receiving products from plant A, and indicated by two confirmed cases as their usual food retailer, also tested positive for the outbreak strain.
Other evidence supporting hog head cheese as the main source of infection Results of the retrospective case-case study, including 24 confirmed outbreak cases and 11 probable listeriosis cases, showed that three food items out of 58 analysed were consumed more frequently by confirmed cases than by others, even if differences were not statistically significant (Table 2) . These items included hog head cheese, pork meat products other than salami and a dry-cured product of bovine meat (bresaola).
Hog head cheese was consumed by 10 (43 %)of the 23 outbreak confirmed cases for which information on food consumption was available.
To further test the hypothesis that hog head cheese was the main outbreak source, we matched the list of the retailers given by the confirmed cases with the distribution list of retailers that had received products by plants A and B, to determine potential common retailers. Only cases providing detailed information on the location of food purchase were considered (N=14). We assessed that 12 (80 %) out of the 15 outbreak-confirmed cases had purchased food from retailers that had been supplied, directly or indirectly, by plant A. The retailers indicated by six (40 %) cases were also linked with plant B. Furthermore, we evaluated whether a higher incidence of listeriosis due to the outbreak strain had been reported in municipalities where the hog head cheese or any other products from plant A were available on the market than from others. A higher incidence rate was found for municipalities with retailers selling hog head cheese (IRR 1.6; 95 % CI 0.58-4.5, P=0.33) or any product (IRR 2.2; 95 % CI 0.76-7.9, P=0.12) from plant A. The difference, however, was not statistically significant. Fig. 4 shows a map representing the geographical distribution of the 34 listeriosis cases in the Marche region, the plants and supermarkets contaminated by the outbreak strain and municipalities with products from plants A and B available on the market.
International enquiry
On 1 February 2016, the EURL sent a circular letter to the NRL network to assess the presence of the outbreak pulsotype. The NRL in the Netherlands found matching profiles with an identical PFGE pulsotype. SNP analysis excluded any correlation with the Italian outbreak pulsotype.
Canada reported one strain with an indistinguishable PFGE profile isolated on 2 October 2015 from frozen 'gravlax' salmon imported from the Netherlands during a regular control for imported products. Eight EU and two non-EU countries replied to the EPIS Urgent Inquiry and reported that no cases of listeriosis by a strain with the outbreak PFGE profile had been observed 
*Listeria monocytogenes outbreak strain-positive samples.
Public health actions
Based on the results of the investigations, production activities were suspended at plant A and a Rapid Alert System for Food and Feed (RASFF) notification was sent regarding four hog head cheese batches and all products processed by that plant. The MoH published the alert on their website. Plant A withdrawn all its products from the market. The production of plant B was suspended until disinfection procedures were completed, and screening tests for L. monocytogenes contamination of stored products and environmental samples were carried out with a favourable outcome. All these batches were subjected to high-pressure processing (HPP) treatment before distribution on the market, although they had already tested negative for L. monocytogenes. Moreover, the Marche Regional Authority implemented a number of measures including increased number of inspections, revision of the sanitation programme and control of sanitation procedures in the plants involved in the outbreak and in food factories.
Training for LHA inspectors in the Marche region was held with regard to standardizing operational procedures for sampling. Training for food business operators was also conducted to raise awareness on the risk of persistent contaminations by L. monocytogenes in food plants.
During the outbreak investigations, two rapid-risk assessment reports were published.
DISCUSSION
To our knowledge, this is the second outbreak in Italy linked to pork meat after that which occurred in 1989 [16] . Few outbreaks described in literature were associated with consumption of contaminated pork meat products [17] [18] [19] [20] . In the EU, RTE products of meat origin have been prioritized among high-risk foods for L. monocytogenes and food safety microbiological criteria were introduced to protect consumer health. Contamination allegedly involved one local manufacturing plant initially and spread further spread to two other establishments and three retail shops. Cross- Food items with OR <1.5 are not listed. contamination of food may also have occurred. However, the actions taken during the specific integrative sampling plan achieved the elimination of contamination by the outbreak strain.
The high percentage of cases claiming to have eaten hog head cheese supported the plausibility that this was the main vehicle of infection. We cannot exclude that this percentage was actually even higher, due to the high likelihood of recall bias connected with the long incubation period of listeriosis. Data from the questionnaires did not allow us to demonstrate a direct link between consumption of the contaminated batches of hog head cheese and confirmed cases. Nonetheless the absence of cases of listeriosis caused by the outbreak strain after the suspension of activity by plant A seems to confirm the this plant as the main source of contamination. Food withdrawal procedures were concluded on 19 February 2016 and the last clinical case was notified on 11 March (onset of symptoms 4 March).
Detecting community outbreaks of listeriosis can be extremely difficult, due to the long incubation period and ubiquity of this pathogen, without the application of molecular typing techniques such as PFGE and NGS. These techniques enabled us to prove definitively the epidemiological link among cases occurring at different times and places and, in some cases, without a strong correlation; and to halt effectively and promptly the spread of the outbreak. Both these methods provided evidence that the outbreak was associated with a new L. monocytogenes clone never previously reported in Europe.
Listeriosis outbreak investigations are needed to identify and remove from distribution food at risk of contamination; and to archive important information on those food items most frequently associated with the infection. The management and conclusion of this outbreak was possible through the accurate investigations of cases, while molecular characterization facilitated the linking together of cases.
The key factor in the timely conclusion of this investigation was intersectorial collaboration among epidemiologists, microbiologists, veterinarians, statisticians and health and food safety authorities at national, regional and local level. Communication and cooperation among all the experts involved were crucial to detecting the outbreak and supporting the adoption of control interventions. Moreover, the availability of regional data on the contamination of food circulating in the Marche region allowed the investigation to focus on meat products.
The laboratory-based surveillance network was useful in regard to timely outbreak detection and investigation. While ideally integrated surveillance should be a routine, molecular-based surveillance of L. monocytogenes should be extended in Italy. In particular, given the serious public health and economic implications, surveillance of listeriosis should be improved in those regions where typical high-risk food items, i.e. deli meat-based products, are available.
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